Our study aimed at investigating the impact of different levels (increased -10% and high -20%; w/w) and types (sunflower oil, rapeseed oil, cod liver oil, lard) of fat in the diet on the activity of the key enzyme in the corticosterone (Cs) biosynthesis pathway in adrenal cortex i.e. deoxycorticosterone 11β-hydroxylase (11β-OHase) (it was expressed as a percent of conversion of [ 14 C]deoxycorticosterone into [ 14 C]corticosterone during 2 h incubation) and on plasma corticosterone and leptin concentration (measured by RIA method) in rats. 102 male Wistar rats were fed their experimental diets for 3 or 6 weeks. All parameters were found to be significantly affected by dietary fat source. Rats fed the diet containing cod liver oil had the highest 11β-OHase activity, while those fed sunflower oil diet had the lowest. Sunflower and rapeseed oil diets brought about higher plasma leptin concentration than cod liver oil and lard diets. Plasma Cs concentration in rats fed cod liver oil diet was higher than in rats fed other fat diets. Additionally, diets containing 20% of fat caused higher enzyme activity than diets containing 10% of fat. There was no effect of fat level in diet on plasma Cs and leptin concentration. These effects were observed in rats fed for six weeks only for enzyme activity and in rats fed for three weeks for plasma Cs concentration. Moreover, 11β-OHase activity increased after 6 weeks of experiment, plasma Cs level -decreased after the same time.
INTRODUCTION
Leptin and glucocorticoids are two of the most important peripherally synthesized and secreted hormones that play a crucial role in the regulation of energy balance of an organism. The studies that have been performed up to now show that leptin and glucocorticoids act antagonistically in the regulation of food intake, body mass and energy expenditure (Strack et al., 1995; Korbonits et al., 1997; Zakrzewska et al., 1997; Arvaniti et al., 1998) .
A matter under discussion is the hormonal feedback loop between adipose tissue and HPA (hypothalamic-pituitary-adrenal) axis (De Vos et al., 1995; Wabitsch et al., 1996; Blum, 1997; Solano et al., 1999) . Adrenal hormones in both physiological and pathologically high concentrations stimulate expression of ob gene in the adipose tissue, while leptin has an inhibitory effect on HPA axis acting both centrally through NPY and peripherally by inhibition of steroidogenesis in the cells of adrenals (Heiman et al., 1997; Pralong et al., 1998) .
Glucocorticoids and leptin play an important role in the pathogenesis of both diet independent and diet dependent obesity (Trocki et al., 1995; Tataranni et al., 1996) . Fat is one of the main dietary components, thus amount of fat consumed and its composition significantly affects the development of obesity. High fat level in the diet is connected with an increase in the concentration of free fatty acids in the blood, which in turn stimulates the activity of HPA axis (Tannenbaum et al., 1997; Kamara et al., 1998) . Consumption of high fat diets results also in the increase in ob gene expression in the adipose tissue and higher blood leptin concentration which probably protect the organism against the development of diet dependent obesity (Lin et al., 1998 (Lin et al., , 2000 Stricker-Krongrad et al., 1998) . On the other hand, fat composition (content of particular fatty acids) influences the composition and functions of cell membranes, as well as intracellular metabolism (Vallette et al., 1991; Innis et al., 1995; Widmaier, 1997; Raatz et al., 2001) . These mechanisms seem to play an important role in the regulation of synthesis, secretion and cellular activity of leptin and adrenal hormones (Widmaier, 1997; Heshka et al., 2001) .
In this respect, the aim of the present study was to examine the influence, if any, of diets with different fat level and composition on some aspects of hormonal regulation of energy balance (blood leptin and Cs concentration), as well as on the activity of the key enzyme in the corticosterone biosynthesis pathway in adrenal cortex i.e. deoxycorticosterone 11β-hydroxylase.
MATERIAL AND METHODS

Animals
The experiment was performed on 102 male Wistar rats (initial body weight 240-260 g). Animals were housed in individual stainless cages in a temperature (22 o C) and humidity (50%) controlled room with 12 h/12 h light-dark cycle. All animals had free access to food and water throughout the experiment.
Diets
Following two-week adaptation period the animals were at random divided into eight groups fed different diets. Diets differed with respect to fat level (10 and 20% w/w) and fat type (sunflower oil, rapeseed oil, cod liver oil and lard). The composition of diets is shown in Table 1 . Content of particular fatty acids in the experimental fats was analysed by gas chromatography and data on fats composition are summarized in Table 2 . Animals were fed experimental diets for three or six weeks. Diet intake was recorded daily and body weight gain was recorded every three days. At the end of the experimental period, rats were etherized, both adrenals were dissected and heart blood was collected into heparinized tubes. Blood was centrifuged to obtain plasma and aliquots were frozen at -23ºC. Adrenals were rinsed, blotted and snap frozen in liquid nitrogen and stored at -80ºC until biochemical analyses. Dissections were performed in the period of two same hours of light phase each day. 
Analytical methods
Deoxycorticosterone 11β-hydroxylase activity. The enzyme activity was measured by the method described by Lo et al. (1998) Lowry's et al. (1951) .
Plasma corticosterone concentration. Plasma corticosterone was measured by radioimmunoassay method using 125 I RIA KIT (ICN Biomedicals, Inc; USA). Results were expressed as ng/ml plasma.
Plasma leptin concentration. Plasma leptin was determined by radioimmunoassay method using RAT LEPTIN RIA KIT (Linco Research, Inc; USA). Results were expressed as ng/ml plasma.
Statistical analyses
To determine the influence of fat type and fat level in the diet as well as feeding period on parameters studied, results were statistically evaluated using multifactor analysis of variance (ANOVA) and where appropriate (i.e. after a significant main effect), followed by post hoc Fisher's least significant difference (LSD) test for the specific comparisons between particular group means. Finally, correlations between parameters were also evaluated. The level of significance was set at P≤0.05. Statistical analyses were carried out by means of STATGRAPHICS Plus 4.1 (Statistical Graphic, Bitstream, Cambridge, MA) software.
RESULTS
Final body weight and body weight gain
Final body weight and daily body weight gain were found to be significantly higher in rats fed 20% fat diets (P<0.002) and sunflower oil (P<0.02) than in animals fed diets containing 10% fat or other fat types. Obviously, animals receiving the experimental diets for six weeks attained higher final body weights and gained more body weight per day (P<0.0001 for both parameters), as compared to animals fed for only three weeks. Nevertheless, the daily gain in body weight was higher in rats fed the diets for shorter period of time (three weeks) than in those fed for a longer period of time (i.e. six weeks) (P<0.04). Data on these two parameters are shown in Table 3 .
Intake of food, energy, fat and fatty acids
Rats consumed more diet containing less fat per day than diet richer in this component (P<0.0001); daily food intake during 3-weeks experiment was greater than during 6-weeks experiment (P<0.0001).
Daily intakes of energy, fat and fatty acids were higher in rats receiving 20% fat diet as compared to animals fed 10% fat diets (P<0.0001 for all parameters) and in animals fed the diets for 3 weeks than in rats fed for 6 weeks (P<0.0001 for all parameters). With respect to fat type, intake of sunflower oil diets by rats was significantly higher as compared to diets containing other fats. The lowest diet intake was found for the cod liver oil (P<0.001).
Intake of particular groups of fatty acids (saturated fatty acids -SFAs, monounsaturated fatty acids -MUFAs, and polyunsaturated fatty acids -PUFAs) was related to the composition of experimental fats (Table 4) . As lard and to a lesser extent cod liver oil are rich in SFAs, diets containing these fats were the sources of the highest amounts of saturated fatty acids (P<0.0001). Rapeseed oil and cod liver oil contain considerable amounts of MUFAs, thus the animals fed these diets consumed mainly monounsaturated fatty acids. Since sunflower oil is the richest source of PUFAs among fats used in this study, consumption of polyunsaturated fatty acids was the highest in animals fed diets containing this type of fat (P<0.0001). Data on intake are shown in Table 4 .
Activity of deoxycorticosterone 11β-hydroxylase
Preliminary statistical analysis revealed the significant influence of the level and type of fat in the diet on the enzyme activity. Rats receiving 20% fat diets showed higher activity of the enzyme than 10% fat groups (P<0.0001). 11β-OHase activity reached its zenith in animals fed cod liver oil diets and the lowest enzyme activity was found for sunflower oil groups (P<0.0001) ( Figures 1A and B) . However, comparison between group means by Fisher test showed that these observations held true only for six-week groups, while three-week groups did not differ with respect to the enzyme activity. Furthermore it is worth stressing that deoxycorticosterone 11β-hydroxylase activity in adrenals of rats offered experimental diets for six weeks was significantly higher than in animals receiving diets for three weeks (P<0.0001).
Plasma corticosterone concentration
Statistical analysis of results showed the significant influence of dietary fat type on plasma corticosterone concentration. Blood plasma of rats consuming cod liver diets was found to have higher concentration of corticosterone as compared to rats offered diets containing other fat types (P<0.05). However, as shown by post hoc analysis by Fisher test, this holds true for groups fed experimental diets for three weeks only. There were no significant differences between six-week groups TABLE 4 Intake of food, energy, fat, saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) (mean±SD; n=6 for each group). Animals received 10% (10) or 20% (20) Figure 1 . Activity of 11β-deoxycorticosterone hydroxylase in adrenals homogenates of rats fed experimental diets for three (A) or six (B) weeks (mean±SD; n=6 for each group). X-axis description: 10 and 20 -fat content in the diet (10% and 20%, respectively), S -sunflower oil, R -rapeseed oil, C -cod liver oil, L -lard. On figure B different letters (a,b) indicate significant differences (P<0.05) between groups of rats fed different source of fat but the same fat level. There was significant influence of fat content in diet on enzyme activity in all of these groups. There were no differences between groups on figure A Figure 2 . Plasma corticosterone concentration in rats fed experimental diets for three (A) or six (B) weeks (mean±SD; n=6 for each group). X-axis description as in Figure 1 . On figure A different letters (a,b) indicate significant differences (P<0.05) between groups of rats fed different source of fat. There was no effect of fat content in diet. There were no differences between groups on figure B Figure 3 . Plasma leptin concentration in rats fed for three (A) or six (B) weeks (mean±SD; n=6 for each group). X-axis description as in Figure 1 . Different letters (a,b) indicate significant differences (P<0.05) between groups of rats fed diets containing different source of fat but the same fat level.
There was no effect of fat content in diet % conversion / mg of protein
Groups Groups
Groups Groups % conversion / mg of protein ng / ml ng / ml ng / ml ng / ml (Figures 2A and B) . With respect to duration of experiment, plasma corticosterone concentration was lower in rats fed for six weeks than in animals fed for shorter period of time (three weeks) (P<0.0001). Fat level in the diets did not affect the plasma concentration of corticosterone.
Plasma leptin concentration
In the present study, fat type in the diet was a substantial factor that influenced significantly plasma leptin concentration. Plasma leptin concentration was considerably higher in rats offered sunflower oil and rapeseed oil diets as compared to cod liver oil and lard groups (P<0.001) ( Figures 3A and B) . Both fat level and duration of experiment did not have any impact on plasma leptin concentration.
DISCUSSION
In the present study we hypothesized that adrenal synthesis of corticosterone (deoxycorticosterone 11β-hydroxylase catalyses the last step in the biosynthesis pathway of corticosterone i.e. oxidation of deoxycorticosterone to corticosterone, thus 11β-OHase may be regarded as one of the key enzymes in this process) and secretion of this hormone into blood may be modified not only by fat level but also by fat type in the diet. We also assumed that both factors might significantly influence plasma leptin concentration.
Experimental diets contained 10 and 20% (w/w) fat, both levels being higher than in standard diets for rats. 20% diets can be even regarded as high fat diets. The selection of experimental fat ensued from the fat composition, predominantly from the content of particular fatty acids. Sunflower oil and rapeseed oil are vegetable fats rich in unsaturated fatty acids. Sunflower oil contains more polyunsaturated fatty acids, while rapeseed oil is richer in monounsaturated fatty acids. Animal fats -cod liver oil and lard are rich in saturated fatty acids and monounsaturated fatty acids. Furthermore, cod liver oil contains a fair amount of polyunsaturated fatty acids, mainly docosahexaenoic acid (C 22:6), which is not found in other fats.
Rats were fed their experimental diets for 3 and 6 weeks. The three-week feeding period allowed us to study short-term adaptive changes in investigated parameters to diets, while six-week experiment was found to be long enough to uncover long-term adaptive processes. Widmaier et al. (1992) assumed that blood's free fatty acids (FFAs) could be a part of negative feedback in HPA axis and could inhibit adrenal secretion of glucocorticoids. In states such as hypoglycaemia, GCs stimulate lipolysis in adipose tissue and thus contribute to the increase in free fatty acids concentration in the blood. This lipolytic attribute of GCs justifies the aforementioned assumption. In vivo in rats, however, the authors showed a stimulatory effect of increased free fatty acids concentration in the blood on the secretion of ACTH in the pituitary and on adrenal secretion of corticosterone. Further research by Sarel et al. (1995) conducted in cultures of fascicular zone cells of bovine adrenals has broadened these results. Pathologically high concentration of long-chain fatty acids (oleic acid and linoleic acid) was shown to stimulate the process of steroidogenesis. This stimulation reached the level of half the production of ACTH-stimulated corticosterone production. Saturated fatty acids appeared to be completely ineffective in this respect.
Fatty acids show a broad scope of impact on cellular functions and different mechanisms are considered as to the stimulation of adrenal steroidogenesis by long-chain fatty acids (Widmaier, 1997) .
As already mentioned, increase in blood FFAs concentration may result not only from stressful stimuli of hypoglycaemia, fasting or non-controlled diabetes, but also from consumption of high fat diet (Widmaier, 1997; Kamara et al., 1998) . Moreover, the composition of dietary fat determines the concentration of particular fatty acids in the blood, as well as in plasma and cell membrane phospholipids (Innis et al., 1995; Raatz et al., 2001) .
Consumption of high fat diets is associated with incidence of many metabolic disorders such as lipid and glucose metabolism disorders, hyperinsulinaemia and insulin resistance. These are the main risk factors for the development of many civilization-related diseases such as hypertension, non-insulin-dependent diabetes mellitus, obesity and atherosclerosis . Long-term hypersecretion of glucocorticoids may bring about similar effects (Tataranni et al., 1996; Leakey et al., 1998) . Additionally, high fat intake may be a factor stimulating the activity of HPA axis. These facts were the basis for the study performed by Tannenbaum et al. (1997) . Researchers demonstrated that high-fat feeding augments both the ACTH and corticosterone responses to acute stress in rats, as well as increases in basal corticosterone secretion. Furthermore, they have shown that high-fat feeding results in insulin resistance and elevations in both basal and stress -induced free acids and blood glucose concentration. The authors suggest that dietary fat intake acts as a background form of chronic stress, elevating basal corticosterone levels and enhancing HPA axis responses to stress.
Results of our study did not demonstrate any stimulating effect of high fat diets (20% w/w) on plasma corticosterone concentration as compared to the diets containing twice less fat (10% w/w). However, such an effect was observed at the level of adrenal steroidogenesis, i.e. for 11β-OHase activity. Interestingly, this effect was observed only after six-week period of experiment, while the three-week groups did not differ with respect to this parameter.
Furthermore, significant differences were found between groups offered experimental diets for 6 weeks, as regards the influence of fat type in the diet on the enzyme activity. Thus, the differentiation or likely adaptation in adrenal steroidogenesis to diets occurred only after six weeks. As the highest activity of 11β-OHase was found in animals fed diets containing cod liver oil as a source of fat, this type of dietary fat evidently stimulated the oxidation reaction of deoxycorticosterone to corticosterone. Cod liver oil is a fat rich in monounsaturated fatty acids (mainly oleic acid C 18:1) and in polyunsaturated fatty acids, among which docosahexaenoic acid (C 22:6) is most abundant. The studies by Widmaier et al. (1992) and Sarel et al. (1995) indicated that increased level of both oleic and linoleic acids brought about in vitro stimulation of steroidogenesis in rat adrenal cortex cells and increase in secretion of corticosterone and ACTH into blood in vivo. In the present study we found the significant positive correlation between MUFAs intake and adrenal 11β-OHase activity (r=0.23; P<0.03). The lowest efficiency of conversion of DOC into Cs was found in adrenal homogenates of animals fed sunflower oil diets. This oil is rich in oleic acid and linoleic acid, which were used in studies by Widmaier et al. (1992) and Sarel et al. (1995) . Even so, the effect of sunflower oil was less profound as compared to cod liver oil, rapeseed oil and lard. No correlation between SFAs and 11β-OHase activity was found, however, PUFAs intake and 11β-OHase activity were negatively correlated (r = -0.25; P<0.02): the higher PUFAs intake, the lower 11β-OHase activity was observed.
In the present study, fat type in the diet had a significant influence on plasma corticosterone concentration. In comparison to other fats, feeding the animals cod liver oil diets increased the concentration of corticosterone in the blood. No correlation, however, was found between intake of particular fatty acids groups and plasma Cs concentration. Interestingly, the effect of fat type on hormone concentration was observed only in animals fed experimental diets for three weeks. The extension of experimental period to six weeks brought about the unification of the parameter. Moreover, plasma Cs concentration was significantly lower in six-week groups than in rats fed for three weeks only. It is opposite to the effect of feeding period on 11β-OHase activity, which was higher after six weeks feeding as compared three weeks feeding. 11β-OHase activity was also shown to be dependent on both fat type and fat level in the diet in six-week groups. Blood corticosterone and enzyme activity adrenal cells were found to be negatively correlated (r = -0.55; P<0.0001).
The above described relationships are extraordinarily interesting since they indicate prolonged adaptive period to diet with respect to adrenal glands and fast but disappearing reaction of peripheral parameter of HPA axis activity, i.e. plasma corticosterone concentration. As well known, blood concentration of different compounds is determined not only by diet but also by many other factors. Thus, hormone concentration cannot be regarded as a basic parameter of its synthesis. Of much higher importance, with this respect, is the activity of enzymes of hormone biosynthesis pathway, as it was confirmed in the present study.
Similarly to glucocorticoids, leptin plays a fundamental role in the regulation of energy balance of an organism. The amount of leptin synthesized and secreted into blood is closely determined by adipose tissue content in the body (Blum, 1997; Coleman et al., 1999) . As well known, the level of energy deposited in fat tissue depends on quantity and quality of diet consumed. Among dietary factors, fat intake appears of major importance. There is a considerable volume of literature on the role of dietary fat level in the regulation of blood leptin concentration and of adipose tissue ob gene expression in both humans and rodents. The gathered data provide evidence that consumption of high fat diets stimulates the expression of ob gene and increases the plasma leptin concentration. It is a fast adaptive response to increased energy intake, protecting an organism from the development of diet-dependent obesity (Cooling et al., 1998) . Leptin is capable of inhibiting appetite (partly through the inhibition of NPY synthesis in the hypothalamus) and of increasing energy expenditure in brown adipose tissue (likely through activation of sympathetic system) (Van Dijk et al., 1997) . However, long-term overconsumption of fat energy disturbs this effect (Lin et al., 2000) . The underlying mechanism consists likely in the development of central and peripheral leptin resistance. Lin et al. (1998) showed that the injection of leptin into certain brain structures in rats fed high fat diets for a longer period of time (5-6 weeks) results in central and peripheral leptin resistance. Typical effects of leptin (with respect to regulation of food intake, body weight gain and adipose tissue deposition) were not observed in these rats.
We did not find any significant differences in leptin concentration related to feeding diets either with different fat levels or for different periods of time. Since our 10 and 20% fat diets supplied 21.7 and 38.8% energy as fat, respectively, they probably did not differ in energy value and fat content enough to cause expected effects. To some extent, this observation can be confirmed by the lack of correlation between fat and energy intake and plasma leptin concentration. In the quoted studies, however, the differences in energy value of diets and in fat level were much higher. In the study by Lin et al. (1998) 10 and 56% energy was derived from fat and Stricker- Krongrad et al. (1998) used diets supplying 14.1 and 72.5% energy as fat.
Physiological effects of leptin in target cells are mediated through binding to and activation of its membrane receptor Ob-R. It is a trans-membrane receptor, thus the functions of cell membrane may play a crucial role in its receptor (Nogalska et al., 2001) . Intake and composition of dietary fat determine the functions of membranes by providing fatty acids incorporated into membrane phospholipids. Diets rich in PUFAs increase both lateral mobility and rotational diffusion of inner or trans-membrane proteins and lipids, such as leptin receptor (Heshka et al., 2001) . Heshka et al. (2001) postulated that composition and intake of dietary fat may play a crucial role in the regulation of leptin activity in target cells. Several investigations have been performed, which examined the effects of dietary fat on plasma leptin in rats. Cha and Jones (1998) fed rats diets containing three types of fat: safflower oil, fish oil or beef tallow. Animals fed the safflower oil diet had the highest leptin levels, while those fed beef tallow had the lowest. The researchers concluded that PUFAs had a strong hyperleptinemic effect in rats.
In our study, plasma leptin concentration was significantly dependent on dietary fat type, being higher in animals fed diets based on sunflower oil and rapeseed oil than in rats fed diets containing cod liver oil or lard. Our data confirm the results by Cha and Jones (1998) . Chemical analysis of experimental fat revealed that plants oils contain considerable amounts of MUFAs and PUFAs, while cod liver oil and lard are a rich source of unsaturated fatty acids and SFAs. Moreover, a significant positive correlation between PUFAs intake and plasma leptin concentration (r = 0.47; P<0.0001) and a negative correlation between SFAs intake and plasma leptin level (r = -0.28; P<0.02) were found.
As mentioned above, leptin and glucocorticoids exert opposite effects in an organism. Leptin inhibits adrenal steroidogenesis, while glucocorticoids stimulate expression of ob gene. We did not find any significant correlation between corticosterone and leptin levels, however, we found a negative correlation between 11β-OHase activity and plasma leptin level (r = -0.25; P<0,04). This fact clearly justifies the feedback loop between adipose tissue and adrenal gland, in which increasing blood leptin level influences negatively corticosterone synthesis in adrenal cortex.
Summing up, our results clearly confirm beneficial effects of diets which contain lower fat level and are rich in PUFAs on the regulation of energy balance and thus in preventing diet-dependent obesity. Such a diet decreases the activity of key enzyme in the glucocorticoid biosynthesis pathway in adrenal cortex and contributes to the increase in leptin secretion into blood.
